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Power Loss and Thermal Impedance Modeling of
Multilevel Power Converter with Discontinuous
Modulation
Md. Mazharul Islam, Md. Ashib Rahman, Student Member, IEEE, and Md. Rabiul Islam, Senior Member, IEEE
Abstract—The hard switching operation of the insulated gate
bipolar transistor (IGBT)-based multilevel converters (MLCs) in
the transformer less direct integration of renewable power plants
produces a considerable amount of switching and conduction
power loss. This eventually causes higher junction temperature
and lower thermal stability. The symmetrically designed MLC
using third harmonic sixty-degree bus-clamped pulse width
modulation (BCPWM) technique demonstrates reduced
switching losses and better harmonic spectra. However, the
development of analytical power loss model is a complex and
challenging issue due to the discontinuous switching mode of
IGBTs for the BCPWM in MLC. In this regard, an analytical
model for calculating the average and the rms currents for the
hard switching operation of IGBTs and antiparallel diodes
(APDs) with BCPWM is proposed. Furthermore, to calculate the
device turn-on and turn-off losses, a discrete form of equation is
presented to evaluate the transition times of switching more
precisely. The numerical power loss values of IGBTs and APDs
found from the derived analytical equations for MLC are
compared with the simulation and experimental results. The
numerical results agree well with the simulated and the
experimental outcomes, which validate the proposed analytical
loss model. Moreover, an advanced three dimensional thermal
impedance model with chip-wise interdependent multilayer
thermal coupling effect is also considered in this paper to realize
the critical thermal loading condition of the switching devices.
Index Terms— Modular multilevel converter, analytical loss
model, bus-clamped pulse-width modulation, thermal impedance
model.

I. INTRODUCTION

T

HE multilevel converter (MLC) has drawn significant
attention from the power electronic industry and academia
due to its numerous advantages [1] and diverse applications in
multi-megawatt renewable power integration, motor drives,
electric vehicles, and microgrid [2]–[5]. A medium-voltage
grid connected MLC with the common high-frequency
magnetic-links (HFMLs) [6]–[8] can be considered as a viable
solution to provide galvanic isolation between dc-ac
conversion stage and the separated individual module with
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HFML makes the system completely modular. The intrinsic
properties of insulated gate bipolar transistors (IGBTs) and
antiparallel diodes (APDs) cause a significant amount of
power losses due to the on-state resistances of the IGBTs and
the APDs, the rapid turn-on and turn-off of the IGBTs, and the
reverse recovery characteristics of the APDs. Consequently,
the overall system suffers from notable joule heating and high
junction temperature [7]. Moreover, the hard switching
operation of the MLC at high load current for conventional
pulse width modulation (PWM) techniques generates a
considerable amount of power losses in the stacked IGBT
modules [9]. The continuity of higher junction temperature
degrades the long-term performance of the system by initiating
the failure mechanisms [10]. Because of the limited space of
installation, the high cost of replacement, and the probability
of severe damage due to overheating, the power losses in an
MLC converter should be precisely calculated, analyzed, and
minimized [11]. The adverse thermal stress at high power
range may initiate the reliability problems of IGBT power
modules, which terminates in catastrophic failure owing to
higher junction temperature [12]. To obtain high confidence in
converter design, a precise thermal model is essentially
required to predict the chip temperatures of IGBT modules.
An electro thermal model (ETM) involving electrical and
thermal coupling of the corresponding IGBTs and APDs has
been developed in [13] to simulate the static and the dynamic
behavior of the switches and to calculate the switching power
losses. A power loss profile-based thermal modeling has been
reported in [14] to measure the swing of IGBT junction
temperature. A Fourier-Bessel series-based equation has been
developed in [15] to determine the switching power losses and
the junction temperature in IGBTs and APDs of MLC.
However, with the methods proposed in [13]–[15], the model
suffers from complexities when bus-clamped PWM
(BCPWM) schemes and system level simulations are
considered. In [16]–[18], ETM with linearized switching
transient waveform equation of an MLC has been proposed to
predict the power loss and the junction temperature of IGBTs.
A steady-state loss model has been proposed in [19].
Although, the coupling effect for each layer of IGBT modules
with heat-sink has not been considered in [16]–[19]. An
advanced
third
harmonic
sixty-degree
BCPWM
(THSDBCPWM) technique has been proposed for MLC to
reduce the energy losses and the voltage harmonics [20]. The
switching mode and conduction mode power losses of MLC
have been investigated for advanced modulation technique in
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[21]. However, thermal model-based investigation has not
been reported in [20] and [21].
The multichip differential temperature coupling effect of the
IGBTs can be designed accurately with three dimensional
(3D) thermal networks along with adjustable power losses,
cooling system, and boundary conditions [22]. With high
computational speed, the temperature distribution can be
calculated by finite element model (FEM) for sophisticated
geometrical shape of semiconductor devices and cooling
systems. However, the co-simulation of thermal model using
commercial tool like ANSYS with circuit simulation tool
complicates the entire process for advanced modulation
techniques. Therefore, the ETM parameters extracted from the
numerical simulation of structural assembly can be utilized for
chip-wise multilayer 3D thermal model to predict the
operating point of semiconductor chips within allowable range
of temperature.
In this paper, an analytical method for estimating the
average and rms currents is presented to investigate the onstate numerical conduction power losses of IGBTs and APDs
in MLC for THSDBCPWM technique. Furthermore, a discrete
form of equation is proposed to precisely calculate the gate
turn-on and turn-off transition times at each sampling instant.
During the transition times, the switching energy losses of
IGBTs and APDs are summed up for a fundamental period to
calculate the average switching power losses. To verify the
loss profile and the corresponding thermal stability, a 3D
model with interdependent multilayer thermal coupling effect
is considered in this paper for better precision and accuracy.
The derived analytical method is verified via circuit level
simulation and corresponding experimentation. Moreover, to
investigate the functionality of the 3D thermal model, a FEMbased analysis is performed in ANSYS-Icepak to extract the
lumped parameters, which are used in circuit simulation tool
to examine the long-term effectiveness of the thermal model.

discontinuous switching mode of THSDBCPWM. Moreover,
the effects of change of the load current, power factor, and
modulation index (MI) with THISDBCPWM for MLC, shown
in Fig. 1, should be considered to derive the analytical model
of average and rms currents. The operation of MLC can be
divided into two basic modes, such as switching mode and
continuous conduction mode. Each half cycle contains a
continuous conduction mode (for 60°) and two switching
modes (for 120°) of operation. The duty cycle D of odd
numbered IGBT in any cell can be represented as
m
 2M
1
sin t   1  M  1 

1
3

D t   
(1)
2  M i 2

 ai sin  6i  3t  

 3 3 i 0
where M is the MI, ω is the angular frequency, and m is the
region number. For inductive load, a lagging power factor
angle φ exists between phase voltage and current. Therefore,
the equation of the phase current can be written as
(2)
i  t   I p sin t   

Fig. 2. Effective duty cycle of IGBTs and APDs of MLC with
THSDBCPWM: (a) duty cycle of odd numbered IGBTs, (b) duty cycle of
even numbered IGBTs, (c) duty cycle of odd numbered APDs, and (d) duty
cycle of even numbered APDs.

Fig. 1. Three-phase cascaded H-bridge multilevel converter.

II. CONDUCTION LOSS OF IGBTS AND ANTIPARALLEL
DIODES
To investigate the average conduction loss of IGBT and
APD, corresponding average and rms currents should be
calculated first. The calculation of average and rms currents of
switching devices in MLC is a tricky issue due to the

Mutually scalable modulation of MLC make the same
current flowing through each cell. Moreover, the average and
the rms currents of vertically opposite IGBTs and APDs at
each cell are equal. Duty cycles of odd numbered (S1-1/D1-1, S13/D1-3, ····, Sk-1/Dk-1, Sk-3/Dk-3) and even numbered (S1-2/D1-2, S14/D1-4, ····, Sk-2/Dk-2, Sk-4/Dk-4) IGBTs and APDs are shown in
Fig. 2. The continuous conduction (CC) mode (from π/3 to
2π/3 and from 4π/3 to 5π/3) is only limited for IGBTs. Same
effective average duty cycle exists for upper-left (Sk-1) and
bottom-right (Sk-3) IGBTs, which is for ωt from φ to (π+φ).
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Similarly, the average duty cycle of even numbered IGBTs (Sk2/ Sk-4) will be equal for the ωt from (π+φ) to (2π+φ). Hence
the average current of odd numbered IGBTs can be written as
1  
(3)
ic  avg _ Sk 1,3 
i  t   D  t   d t 
2  
The discontinuous switching within a full cycle can be
divided into six regions (r1, r2, ····, r6), which is displayed in
Fig. 2. Regions (r1 + r3 + r4) and (r4 + r6 + r7) are the effective
total duty cycle of switched conduction (SC) mode for the
corresponding IGBTs of Sk-1,3 and Sk-2,4. Although, no CC
mode is allocated for the APDs. Hence, the average current
(ic _ avg _ Sk 1,3 ) of odd numbered IGBTs (Sk-1,3) can be rewritten
as follows:

ic avg _ Sk 1,3  ic avg _ Sk 1,3 @SC  ic avg _ Sk 1,3 @CC

(4)

where icavg _Sk 1,3 @CC represents average current at CC mode
and ic avg _ Sk 1,3 @SC stands for average currents of Sk-1,3 at SC
mode. In the SC mode, the equation of duty cycle represented
in (1) will be accompanied by both Sk-1,3 and Dk-1,3 at regions
(r1 + r3 + r4) and (r4 + r6 + r7), respectively. However, the
average current of Sk-1,3 for SC mode can be written as

 2
3
 cos   


2 
4 3
 3
MI P

 a 3a 5a 
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2 3
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The derivation of (5) is given in the Appendix. During CC
mode, no switching will occur and full load current will flow
through both Sk-1,3 and Sk-2,4 for the duration of ωt = π/3 at
region r2 and r5. The average load current can be written as

ic  avg _ Sk 2,4 @CC  ic  avg _ Sk 1,3 @CC  2 I P cos   cos
(6)
3
Similarly, for the APDs (Dk-1,3), the average current can be
expressed as
1
iF  avg _ Dk 1,3  ic  avg _ Sk 1,3 @ SC 
 I p cos   2I p cos 2  (7)
2
At regions r4, r6, and r7, the effective duty cycle of the
IGBTs (Sk-2,4) for SC mode will follow the identical duty cycle
of the APDs (Dk-2,4) at the same region. However, due to the
repetitive structure of sinusoidal functions, the average
currents of Sk-2,4 for the effective duty cycle of regions r4, r6,
and r7 is equivalent to the average currents of Sk-1,3 for regions
r1, r3, and r4.
ic  avg _ Sk 1,3 @ SC 

MI P

  2

 a  6i  3 1  cos  6i  3   6i  1 cos  i
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2

However, the average currents of even and odd numbered
IGBTs and APDs can be written as follows:
(8)
ic avg _ Sk 2,4  ic avg _ Sk 1,3  ic avg

iF avg _ Dk2,4  iF avg _ Dk1,3  iF avg

(9)

The rms current of odd numbered IGBTs and APDs can be
expressed as
(10)
ic rms _ Sk1,3  ic rms _ Sk1,3 @ SC  ic rms _ Sk1,3 @CC
 
 t   3
1 
2
(11)
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D
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      ,
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 t  2 3
Similarly, the rms current of Sk-2,4 can be represented as
(12)
ic rms _ Sk 2,4  ic rms _ Sk 2,4 @ SC  ic rms _ Sk 2,4 @CC

ic  rms _ Sk 1,3 @ SC 

 2  2
 t  4 3
(13)
ic  rms _ Sk 2,4 @ SC
  i  t   D  t  d  t   ,
  
 t  5
3
The detailed rms current expression for SC mode is given in
(14) at the bottom of the page. The derivation of (14) is given
in the Appendix. Because of the modular structure of MLC, at
the SC regions, the rms currents of similar type switching
devices (Sk-1,3/Sk-2,4 and Dk-1,3/Dk-2,4 ) are equal, which can be
summarized as
(15)
ic rms _ Sk 1,3  ic rms _ Sk 2,4  ic rms
1

2

iF  rms _ Dk 1,3  iF  rms _ Dk 2,4  iF  rms
(16)
I p2 
M  4M 

   3 cos 2 
  ic  rms _ Sk 1,3 @ SC
4
6
3
During the CC mode at regions r2 and r5, the rms currents of
IGBTs can be written as
ic  rms _ Sk 1,3 @ CC  ic  rms _ Sk 2,4 @ CC



(17)


3
cos 2 
 
3 2

The temperature (T) dependent average conduction power
losses of IGBTs and APDs result in following equations:
(18)
Pct T   vceo T   ic avg  Rc T   ic2rms



I P2
2

(19)
Pcd T   vFo T   iF avg  RF T   iF2 rms
where vceo and Rc are the temperature dependent IGBT on-state
zero current voltage drop and on-state resistance, respectively,
which can be found from the datasheet of manufacturer. ic-avg
and ic-rms correspond to the IGBT average and rms currents,
respectively.

 3i  1  

1
6i  3

cos  6i  7   
cos 2  
6i  5
36i 2  36i  5
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(14)

3

2
cos


cos
2


cos
3


cos
5


 4   cos 3 sin   
6
3
24 3 4 3 

MI 2 
3

cos 2  
   cos 3 sin  
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3
Similarly, vFo and RF are the APD on-state temperature respectively. iF-avg and iF-rms correspond to the APD average
dependent zero current voltage drop and on-state resistance, and rms currents, respectively. Substituting the analytical

ic  rms _ Sk 1,3 @ SC 
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expressions of average and rms currents in (18) and (19), the
conduction power losses of IGBTs and APDs in MLC with
THSDBCPWM can be evaluated. Comparison of the
numerical results with the circuit level simulation is performed
in the following sections.

Fig. 3. Switching characteristics of MLC converter: (a) device turn-on and
turn-off lag-times at each sample, (b) continuous representation of discrete
turn-on and turn-off lag-times of Sk-1 and Sk-2, respectively, (c) turn-off, turnon, and reverse recovery lag-time of Sk-1, Sk-2, and Dk-1, and (d) switch
transition lag-times of Sk-3, Sk-4, Dk-4, and Dk-3.

III. ANALYTICAL MODEL OF SWITCHING POWER LOSSES
Hard switching operation in MLC causes device turn-on
and turn-off power losses at the precise transition times [23].
Switching energies are the function of load current at the
specific conditions, such as operating temperature, gate
resistance, and blocking voltage of the devices [24]. However,
all the devices operate under same switching frequency, same
gate resistance, and equal dc cell voltage in MLC. Therefore,
the alterations of switching losses depend on conduction
current at the operating switch transition points. The change of
device on-state load current at switching transition points
causes the variation of switching energy losses, which differ
from one cell to another. To design the switching transition
times analytically, it is required to know the gate pulse turn-on
and turn-off instants of the PWM signal and corresponding
load current at that moment. Based on the sampling time, a
discrete equation is required to precisely represent the
analytical expression of the pulse transition instants for
THSDBCPWM. Overall variation of switch turn-on and turn-

off transition times for different cells at each sampling time is
shown in Fig. 3. In every sampling time, the switches do not
turn-on at the moment of starting time of that particular
sample. For the switching frequency (fs) of 1.2 kHz, there will
be 24 samples at each fundamental time period (Tm) of 20 ms.
To remove fractional number of samples in a fundamental
period, the switching frequency should be the multiple of six
times of fundamental frequency (fm = 50 Hz). Hence, the
number of sampling (N) in each SC region can be written as
f
N s
(20)
6 fm
Device turn-on and turn-off lag-times (tc and to) from the
starting point of that corresponding sample is shown in Fig.
3(a). During all the three SC regions in a fundamental period,
the lag-times change their values. Both continuous and
discrete representation of turn-on lag-times of IGBT S1-1 for
different sample numbers (s1, s2, …, s12) are shown in Fig.
3(b). However, IGBT S1-2 is turned off at the same time when
IGBT S1-1 is turned on to avoid direct short circuit between the
terminals of each cell. Therefore, tc of S1-1 and to of S1-2, both
are equal at any sample. However, the turn-on and turn-off
lag-times of switch Sk-1 and Sk-2 differ from one cell to other. A
continuous representation of sample based discrete lag-times
(tc@sn and to@sn) for the switches S3-1 and S3-2 is also shown in
Fig. 3(b). The discrete form of equation for tc_k1@sn and to_k2@sn
at any sample (sn) can be written as follows:

1  2  k  1
tc _ k1@ sn / to _ k 2@ sn 
 DSH  n 
(21)

4 f s  CL

M 2
DSH  n 
 ai sin  6i  3nTS  k  
3 3 i 0
(22)
2M
m
sin  nTS   k   1  M  1
3
k

(23)
k 

6 NCL 3N
where DSH[n] is a discrete type of equation with a phase shift
angle (θk) which can be obtained from (1), CL is the total
number of cells, TS represents the time period of each
sampling, and n = 1, 2, 3, ….., 6N. Therefore, turn-on
transition time (ton) of Sk-1 and turn-off transition time (toff) of
Sk-2 can be represented as
ton _ k1@sn / toff _ k 2 @sn   n 1 TS  tc _ k1@sn / to _ k 2@sn (24)
Similarly, switch turn-off lag-time of S1-1 and turn-on lag-time
of S1-2 are shown in Fig. 3(c), which is only limited for cell
‘1’. Therefore, the equation of switching lag-times can be
written as
2  k  1 
1 
tc _12@ sn / to _11@ sn 
 3
(25)
 DUN  n 
4 fs 
CL

2M
m
DUN  n  
sin  nTS   1  M  1 
3
(26)
M 2
 ai sin  6i  3nTS 
3 3 i 0
where DUN[n] is a discrete type of equation without any phase

5
shift angle, which can be derived from (1). However, the
switching lag-times differ from one cell to another. Therefore,
device turn-off and turn-on lag-times of Sk-1 and Sk-2 can be
expressed as
 1 
2  k  1 
 3 , t L _ k  n   1

 DUN  n  
CL
tc _ k 2 @ sn /  4 f s 

(27)

to _ k1@ sn
2
k

1




 1
 1 , t L _ k  n   1
 4 f  DSH  n   C
L

 s
CL DUN  n   3CL  2  k  1
tL _ k  n 
(28)
4CL
Therefore, the device turn-on and turn-off transition times of
Sk-2 and Sk-1 can be represented as
ton _ k 2 @sn / toff _ k1@sn   n 1 TS  tc _ k 2@sn / to _ k1@sn (29)
The odd numbered and even numbered switches in a cell are
turned on and turned off at the same time. Sample based
discrete turn-on and turn-off lag-times of IGBTs (Sk3, Sk4) at
opposite leg are represented in a continuous form, as shown in
Fig. 3(d). Therefore, the equation of switching lag-times can
be expressed as
2  k  1 
1 
tc _ k 3@ sn / to _ k 4@ sn 
(30)
 DSH  n  1 

4 fs 
CL 
 1  2  k  1

 DUN  n   3 , t R _ k  n   1


tc _ k 4 @ sn /  4 f s  CL

(31)

to _ k 3@ sn  1  2  k  1

 DSH  n   1 , t R _ k  n   1
4 f  C
L

 s

tR _ k  n 

I S _ on _ k1,2,3,4@ sn  I P sin   ton _ k1,2,3,4@ sn    

(37)

I S _ off _ k1,2,3,4@ sn  I P sin   toff _ k1,2,3,4@ sn    

(38)

   
 3N 
(39)
    n  3 N  1    



 
Similarly, the forward currents of APDs at the points of
reverse recovery can be written as

I D _ rr _ k1,2,3,4@ sn  I P sin   trr _ k1,2,3,4@ sn    

(40)

   
 
 
(41)
3 N  1      n  3 N  2    


 
 
The equations representing average switching power losses of
IGBTs and APDs (PSW_k1,2,3,4 and PRRD_k1,2,3,4) can be written as

PSW _ k1,2,3,4

PRRD _ k1,2,3,4

1 VDC  min 

Tm VDC  nom 

1 VDC  min 

Tm VDC  nom 

   
3 N 1   

 



3N 
n

  

 Eon  I S _ on _ k1,2,3,4@ sn   





 Eoff  I S _ off _ k1,2,3,4@sn  


   
3 N 1   

 

 E  I

   
n  3 N  2   
   

rr

D _ rr _k1,2,3,4@ sn



(42)

(43)

where VDC(min) and VDC(nom) are the minimum and nominal dc
voltages of each cell, respectively, and Tm is the fundamental
time period.

2  k  1  CL  3  DUN  n

(32)
4CL
Now, the precise transition times of switches can be written as
ton _ k 3@ sn / toff _ k 4@ sn   n 1 TS  tc _ k 3@ sn / to _ k 4@ sn (33)

ton _ k 4@ sn / toff _ k 3@ sn   n 1 TS  tc _ k 4@ sn / to _ k 3@ sn (34)
The APDs will conduct only for the negative half cycle
(from π+φ to 2π+φ for Dk-1 & Dk-3 and from φ to π+φ for Dk-2
& Dk-4) of the load current. In modern IGBT power modules,
the diode turn-on losses are less than 1% compared to the turnoff losses [20], therefore, it can be neglected for the analysis.
However, reverse recovery losses of the APDs are considered.
For the duration of negative half cycle of load current, the
diode turn-off lag-times at any cell can be represented as
tr _ k1,2 ,3,4 @ sn  to _ k1,2 ,3,4 @ sn for Dk1,2 ,3,4
(35)
Therefore, the turn-off transition times of antiparallel diodes at
each sample can be expressed as
trr _ k1,2,3,4 @sn   n 1 TS  tr _ k1,2,3,4@sn for Dk1,2,3,4 (36)
Separate switching energy loss estimation methods, which
summarize total power loss in an IGBT module are switch
turn-on (Eon), switch turn-off (Eoff), and diode reverse recovery
(Err) energy losses. All of those switching losses are the
function of the load currents at that switch transition times and
those can be extracted from the datasheet of manufacturer
[20], [25]. Hence, the load currents of IGBTs at the device
turn-on and turn-off points can be expressed as

Fig. 4. Cross sectional view and coupling effect monitoring of parallel points
of stacked multilayer structure in IGBT module.

IV. THERMAL MODEL OF MLC CONVERTER
A novel 3D thermal model is essentially required to
precisely estimate the junction temperature of silicon chips to
prevent thermo-mechanical stress, partial discharge, thermal
runaway, and failures [26]. Change of the thermal properties
of materials at every layer with the variation of operating
temperature is needed to be considered to extract the accurate
lumped parameters [27]. An accurate geometrical structure of
IGBT module is formed in ANSYS-Icepak, which contains six
half-bridge sections in parallel, shown in Fig. 4. In each
section, two IGBT chips and two diode chips are assembled on
a stacked multilayer structure. Thermal interfacing material is
applied to install the whole IGBT module on an extruded heat
sink. Soldering distinct chips with different operating
temperature on a same layer causes high thermal coupling
among the chips and eventually, the variation of temperature
on the containing surface will be higher.
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locations are considered in this paper, shown in Fig. 5. The
self-heating effect is designed using conventional lumped RC
networks from junction to ambient cooling temperature point
and the effect of thermal coupling is modeled using voltage
sources connected in series with RC lumps. Whereas, the
voltage sources are controlled by coupling thermal impedance
and power losses generated from other neighboring chips. In
the transient operation, the thermal impedance (Zth) between
two parallel points can be expressed as
Tl  t   Tl2  t 
Zthl1 l2   t   1
P
(44)
t

n



  Rthi 1  e thi 


i 1


(45)
 thi  Rthi  Cthi
where Tl1  t  and Tl1  t  are the transient temperatures of the
points at two parallel layers, P is the total power losses, Rthi is
the thermal resistance, Cthi is the thermal capacitance,  thi is
the time constant, and n is the number of exponential terms to
fit Zth well to the transient thermal impedance curve with
minimum errors.
A detailed 3D thermal model is shown in Fig. 5, where
thermal coupling effect among chips, which are soldered on
the same direct copper bonded (DCB) layer is considered. To
analyze the distribution of temperature on every underlying
layer, nine monitoring points are considered for each chip. At
IGBT chip-2, the equation of induced coupling thermal
impedance (Zc) between layers j and l1 for the power loss in
diode-2 can be written as
T j  T l1
T
D2
 25 25
Z c 25@
(46)
j  l1 
Pdiode  2

Fig. 5. 3D thermal model of T2y and D2y from junction (j) to ambient (a) with
coupling effect T1y, D2y, T3y, and D3y to validate the loss profile within IGBT
module.

Fig. 7. Properties of heatsink: (a) pressure drop versus speed of air flowing
through heatsink and fan characteristics and (b) thermal resistance as a
function of the speed of air.

Fig. 6. Temperature dependent properties of several materials used in IGBT
module: (a) thermal conductivity and (b) specific heat capacity of materials at
different operating temperatures.

To accurately estimate the self-heating and thermalcoupling impact from other chips, five parallel coupling

To extract lumped RC parameters, a steady state power loss
is applied in each IGBT and diode chip separately. Therefore,
the transient temperature responses at intended monitoring
points are investigated to calculate both the self and the
coupling thermal impedances. Using curve fitting approach, an
optimal number of RC foster networks are formed to satisfy
transient thermal response with minimum error. However, the
variation of thermal conductivity and specific heat capacity of
the materials with the change of operating temperature should
be considered to provide better accuracy in 3D thermal model
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as well as precise calculation of thermal distribution at
underlying layers. Fig. 6 shows temperature dependent
thermal properties of different material at stacked multilayer
structure inside the package of IGBT module [10], [27]. The
cooling mechanism and the properties of heatsink affect the
thermal behavior of IGBT modules. A forced air-cooling
system with radial blower is designed for FEM simulation in
this paper. The intersection of pressure drop curve of heat sink
and fan characteristics curve indicates the operating point and
the volumetric flow rate of the air, shown in Fig. 7.
Considering those factors, the values of RC lumps are then
extracted precisely and used in MATLAB/Simulink
environment to calculate the temperature of IGBT modules for
long term converter operation. That will reduce the simulation
time with adequate accuracy compared to that of the FEMbased simulation.

8. IGBT conduction loss is maximum at MI = 1, whereas APD
conduction loss is minimum for highest MI at p.f. = 1.

Fig. 8. Conduction loss property for different power factor angels and MIs: (a)
diode conduction power losses and (b) IGBT conduction power losses.
Fig. 10. Average and rms currents of IGBT and diode for different p.f. angles
and MIs: (a) IGBT average currents, (b) IGBT rms currents, (c) diode average
currents, (d) diode rms currents, (e) turn-on times of IGBTs for different
samples, and (f) turn-off times of IGBTs for different samples.

Fig. 9. Switching power losses of IGBTs and APDs at different cells with
variable MIs.

V. SIMULATION RESULTS AND ANALYSIS
A. Conduction Power Losses
A 15.6 MVA, 9 kV (line-to-line), 15-level, three-phase
MLC is simulated with THSDBCPWM technique.
Commercially available half-cell PrimePACKTM3 IGBT
module of 1.7 kV, 1.0 kA from INFINEON is considered for
the design of MLC. The dc-link cell voltage is equal to the
nominal collector-emitter voltage (900 V) of IGBT module.
Switching frequency of 1.2 kHz is utilized in this study.
Temperature dependent voltage drop of IGBT and diode can
be found from the datasheet of power module provided by the
manufacturer. To investigate the conduction losses, the power
factor (p.f.) angle was varied from 0º to 90º for different MIs.
Conduction power losses of IGBT and APD are shown in Fig.

B. Switching Power Losses
Due to intrinsic turn-on and turn-off delay of semiconductor
devices during on-load switching operation, a significant
amount of power loss is generated in MLC. The MLC
switching losses are directly proportional to the sampling
frequency. Also, switching energy losses are proportional to
off-state blocking voltage and the function of device load
currents at switching transition instants, which are represented
in (42) and (43). It is to be noted that although similar
heatsink, cooling system, and gate drivers are used for each
cell of the MLC, the boundary condition may differ from one
cell to other. Therefore, a slight temperature variation may
occur from one cell to other in the MLC. In this regard, the
temperature dependent switching energy losses (Eon, Eoff, and
Err) are considered, which were optimized from the datasheet
of manufacturer. In this study, the values of both nominal and
minimum dc-link voltage are considered equal to the
calculated maximum possible amount of switching losses from
a power module, because, the thermal stability at the highest
operating point can guarantee a reliable and long term
operation of MLC without any failure. At every sampling
duration, the device switching instants are calculated by
discrete analytical equations. The load currents and
corresponding energy losses at those instants are calculated via
datasheet approximations. All turn-on and turn-off energies of
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IGBTs and APDs for a fundamental period are summed up to
calculate the average switching power losses in MLC. Overall
switching losses of IGBTs and APDs for each cell at different
MIs are shown in Fig. 9. Here, the total amount of switching
losses of IGBTs at any cell are much higher compared to the
turn-off losses of APDs. To validate the analytical model, the
average and rms currents of IGBTs and APDs are calculated
analytically. After that, the analytical results are compared
with the results of circuit level simulation and the
experimental results. An accurate geometrical structure of
IGBT module is designed in ANSYS/Icepak to validate the
thermal model and the junction temperature as well as the
thermal stability of the system.
The comparative study between analytical and circuit level
simulation is shown in Figs. 10(a)–(d), which demonstrates
that the average error between them is lower than 0.5%
validating the analytical loss model of MLC. It is worth
mentioning that the comparison between analytical and
simulated average/rms currents is performed for different p.f.
angles and MIs maintaining a constant load current. The
transition times of IGBTs at each sample are calculated
analytically for SC mode of cell-1. Numerically calculated
switch transition times are then compared with the simulated
gate turn-on and off times of circuit level simulation, shown in
Figs. 10(e) and (f). The comparative study shows that the
analytical and the simulation results are highly similar. During
CC mode, no switching will occur, which is represented as a
flat line in Figs. 10(e) and (f). Although, the transition times of
IGBTs (Sk-1,2) for the first half of total number of samples (6N)
in a fundamental time period are shown in Figs. 10(e) and (f),
diode turn-off points will exist for that same half of the total
samples.
C. Simulation of Finite Element Model
To validate the thermal model an accurate geometrical
structure of commercially available IGBT module is designed
in ANSYS Icepak. A half-cell module has six sections
connected in parallel and each section contains two IGBTs and
two APD chips, shown in Fig. 11(a). An extruded heatsink
with radial blower is designed for the forced air-cooling
mechanism and the characteristics curve is shown in Fig. 7(a).
Using analytical equations, the total power loss of each halfcell module at nominal storage temperature (125ºC) is
calculated and this loss profile is selected as the input variable
of FEM verification. To extract the values of lumped RC
parameters, six parallel monitoring locations are selected,
where the effect of mutual coupling is much higher than other
layers. To analyze the thermal distribution at each layer, nine
equidistance monitoring points are chosen, shown in Fig.
11(f). Each IGBT and APD chip is heated with a steady-state
power loss to monitor the self and coupling temperature of
equidistance monitoring points at different layers of every
neighboring chip. Self and coupling thermal impedances are
then fitted with multiple lumped RC foster networks. The
effect of thermal coupling for separated chips is shown in
Figs. 11(d) and (e). However, the long-term thermal stability
analysis via ANSYS/Icepak is a very time-consuming issue.

Therefore, the extracted lumped parameters from FEM
analysis are further utilized to implement the 3D thermal
model in long term circuit simulation tool like
MATLAB/Simulink.

Fig. 11. Thermal characteristics of IGBT module found from FEM analysis:
(a) geometrical structure developed in ANSYS, (b) overall temperature
distribution among chips, (c) heat spreading at different layers, (d) thermal
coupling due to the heating of IGBT chip-2, (e) coupling effect for the heating
of IGBT chip-3, and (f) temperature distribution monitoring points in one
IGBT and APD chip pair.

To calculate the junction temperature accurately using 3D
model of any IGBT/diode chip at any position (Txy/Dxy), the
mutual coupling effect of all previous chips (T0y/D0y to T(x1)y/D(x-1)y) and all upcoming chips (T(x+1)y/D(x+1)y to T12y/D12y)
are needed to be considered. Overall thermal distribution of a
half cell module via FEM analysis is performed utilizing the
rated power loss at storage temperature with THSDBCPWM,
shown in Fig. 11(b). Here, the maximum junction temperature
is 137ºC, which does not exceed the safe operating
temperature (150ºC). Therefore, the loss profile of
THSDBCPWM validates the reliable operation and junction
temperature level of IGBT modules.
To validate the junction temperature of IGBT (T2y) using 3D
thermal model, the coupling effect of only chips T1y, T3y, D1y,
D2y, and D3y are considered for simplicity. The calculated
junction temperature of IGBT chip is found 132ºC, which does
not cross the junction temperature of 137ºC found from FEM
analysis. An excellent match of junction temperature between
analytical calculation and FEM analysis demonstrates a good
accuracy of 3D thermal model. Afterward, the parallel
monitoring points can be set for every layer and number of
equidistance temperature distribution monitoring points can be
increased to analyze more coupling effects and better
temperature variation on the surface of the chips.

9
accuracy of analytical loss model for discontinuous
modulation. Efficiencies found from the analytical calculation
at 25%, 50%, 75%, and 100% loads are compared to the
measured efficiencies in Table II, which indicates a higher
similarity between the results found from the loss oriented
analytical simulation and the developed finite element thermal
model.
TABLE I
COMPARISON OF ANALYTICAL AND SIMULATED AVERAGE CURRENT, RMS
CURRENTS AND CONDUCTION POWER LOSSES OF IGBTS AND APDS
Fig. 12. A photograph of the experimental setup.

VI. EXPERIMENTAL VALIDATIONS
To validate the proposed analytical loss model, a scaled
down laboratory prototype of 5 kVA, 400 V, 3-phase, 5-level
MLC is implemented, as shown in Fig. 12. The output of the
MLC is connected to a resistive load via second order low
pass LC filter. Battery bank is used as the input of the MLC,
where each H-bridge is fed with 200 V dc. The reduced
switching operation is performed by designing THSDBCPWM
schemes with the MI being 0.8 using Xilinx Spartan-3E
FPGA. The compact IGBT module SK30GH123 from
SEMIKRON is used to build each H-bridge cell. Isolated gate
driver SKHI 20opA is used to drive the IGBT switches. Fig.
13(a) shows the generated switching signals for the switches
from the driver circuit with THSDBCPWM. Switching
frequency of 1.2 kHz is utilized for the IGBT modules. Figs.
13(b) and (c) show the line-line PWM voltages before filter
and line-line voltages after filter, respectively, collected with
the KEYSIGHT N2791A voltage probes. Fig. 13(d) shows the
output line currents of the MLC collected with the Agilent
N2779A current probes. For the experimental loss analysis, a
Tektronix PA4000 power analyzer is used.

Analytical
Simulation

ic-avg (A) ic-rms (A) iF-avg (A) iF-rms (A)
2.742
4.717
0.552
1.475
2.651
4.604
0.584
1.368

Pct (W)
5.618
5.183

Pcd (W)
1.114
1.292

TABLE II
COMPARISON BETWEEN ANALYTICAL AND MEASURED OUTCOMES IN TERMS
OF EFFICIENCY AND TEMPERATURE
Efficiency (%)
25% 50% 75% 100%
load load load load
Analytical 87.45 93.32 94.20 97.86
Measured 85
92
94
97

0º lag
angle
45.39
47

Temperature (ºC)
30º lag 60º lag
angle angle
53.28 59.35
55
60

90º lag
angle
66.72
63.5

Fig. 14. Simulated temperature distribution among chips at cell-1 for the load
angles (lagging): (a) 0º, (b) 30º, (c) 60º, and (d) 90º.

Fig. 13. (a) Switching signals from the gate driver circuit for the switches for
the THSDBCPWM, (b) line-line PWM voltages before LC filter, (c) line-line
voltages after LC filter, and (d) line currents.

Fig. 15. Temperature distribution of the IGBT modules of cell ‘1’ (four IGBTs
and APDs are in a compact form) at different load angles (lagging): (a) 0º, (b)
30º, (c) 60º, and (d) 90º.

Comparisons of analytical and simulated average and rms
currents, and switching and conduction power losses of 5-level
MLC are presented in Table I, which demonstrate sufficient

The simulation-based temperature distribution of IGBT and
APD chips are shown in Fig. 14. From the experiment, the
temperature distribution of the IGBT modules is monitored
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using Testo 885 thermal imaging camera for different load
angles as shown in Fig. 15. The temperature distribution of
four IGBTs and APDs in cell-1 is shown after one hour of
continuous operation for different load angles. It can be
observed from Fig. 15 that the load angle of 0º offers least
temperature distribution. On the other hand, load angles 60º
and 90º offer almost equal temperature profiles, which are
higher than that for the case of 0º load angle. The maximum
error between simulated temperature and measured
temperature is found as 4.83%. Because of the compact
structure of the IGBT modules, the temperature is measured
from above of the casing. Therefore, extra thermal coupling
from other sources, such as casing, ambient, and surroundings
causes an error between the analytically calculated and the
experimentally measured results. The results found from the
experiment validate the results found from the simulated
thermal model of the 5-level MLC. However, the basic idea of
heat generation can be obtained from the switching and
conduction loss profiles, shown in Figs. 8 and 9.
VII. CONCLUSIONS
This paper presents an analytical equation to calculate the
average and rms currents of IGBTs and APDs for MLC with a
bus clamped discontinuous modulation technique. A discrete
form of equation is also proposed to analytically calculate the
device transition instants and corresponding switching energy
losses at each and every sampling time. Numerical results
agree well with the circuit level simulation and the
experimental outcomes, which authenticate the proposed
analytical model. To validate the loss profile for high power
IGBT modules, a 3D thermal model with multilayer
interdependent thermal coupling effect is considered in this
paper. However, the forced air-cooling mechanism may
introduce slightly unequal temperature distribution among the
chips. Moreover, load phase angles can alter the loss profiles
as well as temperature distributions of the MLC. Though,
water cooling provides better thermal reliability for long-term
operation in industrial applications, the 3D thermal model can
be used for any boundary condition. Utilizing the FEM
analysis, the lumped RC parameters have been extracted with
sufficient accuracy. The results found from the high-speed
circuit level simulations are found to be highly similar to the
ones found from the experimental measurements, which
validate the thermal model.
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